ABSTRACT. Fallopia multiflora, locally known as Heshouwu, is one of the most important and widely used Chinese medicinal herbs. However, there is still considerable confusion concerning its different provenances. DNA barcoding is a recent aid to taxonomic identification and uses a short standardized DNA region to discriminate plant species. We assessed the applicability of 4 candidate DNA barcodes (matK, rbcL, psbA-trnH, and ITS2) to identify populations of F. multiflora. To our knowledge, this is the first attempt involving the plant kingdom to apply DNA barcoding at a level lower than species. Four DNA loci (matK, rbcL, psbA-trnH, and ITS2) of 105 samples, including the wild F. multiflora distributed in 17 provinces of China and 4 cultivated F. multiflora lines, were amplified by PCR and sequenced. The 4 loci were evaluated by PCR amplification for sequence quality, extent of genetic divergence, DNA barcoding gap, and the ability to discriminate between populations by BLAST1 and Nearest Distance. We found that psbAtrnH was the best barcode, with significant inter-population variability and best potential for identifying F. multiflora. The combination of loci 4079 ©FUNPEC-RP www.funpecrp.com.br Genetics and Molecular Research 12 (3): 4078-4089 (2013) DNA barcoding for discrimination of populations gave better performance for distinguishing populations than a single locus. We recommend using matK + rbcL + psbA-trnH + ITS2 or psbAtrnH alone for this species. This research demonstrates the utility of DNA barcoding for geoherbalism identifications.
INTRODUCTION
Fallopia multiflora (Thunb.) Harald, belonging to the genus Fallopia Adanson of Polygonaceae, is a perennial herb with root hypertrophy and twining stems, and the roots and canes are used as traditional Chinese herbal medicines (Li et al., 2003a) . Wild F. multiflora is distributed in regions south of the Yellow River in China, such as Anhui, Fujian, Guangdong, Gansu, Guangxi, Guizhou, Hubei, Henan, Hunan, Jiangsu, Jiangxi, Sichuan, Shandong, Shanghai, Shaanxi, Yunan, and Zhejiang. Cultivated F. multiflora Siheyihao and Shizhuyihao are distributed in Anhui and Chongqing, respectively. "Tu Jing Ben Cao" of the Sung Dynasty cited the "Li Yuan Appendix" that "The quality of F. multiflora in Guangdong and Guangxi is the best". Renshan Chen's "Yao Wu Chu Chan Bian" states that "The quality of F. multiflora from Deqing of Guangdong is the best". Modern research has also confirmed that the content of 2,3,5,4'-tetrahydroxystilbene-2-O-β-D-glucoside (Chen et al., 2000; Li et al., 2003b; Fu et al., 2006) and anthraquinones (Bai et al., 2001; , the active components, are significantly higher in F. multiflora of Deqing than of other origins. Regional differences are an important factor affecting its quality since F. multiflora is widely distributed in China. Therefore, it is very important to identify the different provenances of F. multiflora.
Traditional identification for F. multiflora has been by morphological appearances, microscopic characteristics, physical and chemical compositions, soluble protein gel electrophoresis, infrared spectroscopy, molecular identification, etc. A statistical analysis of the characteristics of leaf shape of F. multiflora from different provenances indicated that the samples with closer geographical distance usually fall into one branch (Wei et al., 2010) . Zhou et al. (2010) found that the characters of 2-dimensional infrared spectroscopy can distinguish different sources of F. multiflora. A comparable divergence in the internal transcribed spacer has been observed in F. multiflora from 10 provenances, with a total of 22 variable sites including 4, 16, and 2 sites in ITS1, ITS2, and 5.8S rDNA, respectively (Yan et al., 2008a) . A study on matK and 18S rRNA of 15 wild populations and cultivated F. multiflora indicated that there were 12 variable sites in the matK locus among different populations and it was proposed that the phylogenetic relationship of populations was well correlated with their geographical distribution; on the contrary, only few variable sites were found in some of the wild populations, leading to the impossibility of discriminating F. multiflora from different provenances (Yan et al., 2008b) .
DNA barcoding is a taxonomic method that uses a short genetic marker to achieve rapid and accurate identification (Hebert et al., 2003) . With easy operation, repeatability, reliability, and many other advantages, it has become a hot topic in species identification and diversity studies in recent years (Schindel and Miller, 2005; Marshall, 2005) . However, in land plants, the most suitable barcode has not yet been decided even though multiple attempts have been made to investigate DNA regions for their potential as barcodes for all land plant species (Kress et al., 2005; Lahaye et al., 2008) . Besides matK and rbcL, psbA-trnH and ITS, 2 loci with faster evolutionary rates, have been recommended as candidate barcodes for land plant at the Third International Barcode of Life Conference; and ITS2 has been also proposed as a potential barcode with large application. The evaluation of 10 loci in the mosses found that rbcL, rpoC1, psbA-trnH, rps4, and trnL-trnF could be used as candidate barcodes . The discrimination ability of ITS2 was tested in more than 6600 plant samples belonging to 4800 species from 753 distinct genera of algae, fungi, and higher plants, and the identification efficiency of ITS2 was found to be 92.7% at the species level. Therefore, ITS2 has been suggested to be a barcode for fungi and green plants (Chen et al., 2010) . A recent study was conducted in 6286 sampled individuals representing 1757 species in 141 genera of 75 families (42 orders), and 4 candidate barcodes (matK, rbcL, psbA-trnH, and ITS) were assessed for their effectiveness and universality (China Plant BOL Group et al., 2011) . These analyses indicated that 3 chloroplast loci showed high universality (87.1 to 92.7%), whereas ITS had a better performance (79%) in angiosperms than in gymnosperms; ITS exhibited the highest discrimination efficiency of all 4, and the combination of 4 loci could discriminate 69.9 to 79.1% of all species.
In the present study, 3 chloroplast loci (matK, rbcL, psbA-trnH) and a nuclear locus (ITS2) were assessed in 17 wild and 4 cultivated F. multiflora encompassing all distribution regions in China to screen the applicable DNA barcodes and establish a reliable discrimination method for F. multiflora. Investigation of the application of DNA barcode in the identification of geoherbalism and provenance of F. multiflora will also establish a foundation for further breeding selection and germplasm preservation. Also, we discuss whether DNA barcoding could provide a specific discrimination method for samples of Deqing, the geo-authentic producing area of F. multiflora.
MATERIAL AND METHODS

Plant materials
The plant samples were collected from the main distribution areas in China, including 17 wild and 4 cultivated populations in 2010 (Table S1 ). All specimens were examined and identified by Professor Y.Y. Hang from the Institute of Botany, Jiangsu Province and Chinese Academy of Sciences. The voucher samples were deposited in the Herbarium of the Institute of Botany, Jiangsu Province and Chinese Academy of Sciences. Five individuals of each provenance were included for further analysis.
DNA extraction, amplification, and sequencing
Genomic DNA of all the materials was extracted from fresh or silica gel-dried leaves using a modified cetyltrimethylammonium bromide (CTAB) method (Yan and Zhao, 2007) .
Primers were designed according to the F. multiflora sequences published in GenBank, using Primer Premier 5.0. The primers for matK were 3F_KIM: 5'-CGT ACA GTA CTT TTG TGT TTA CGA G-3' and 1R_KIM: 5'-ACC CAG TCC ATC TGG AAA TCT TGG TTC-3' (http://barcoding.si.edu). The primers for rbcL were 1F: 5'-ATG TCA CCA CAA ACA GAA AC-3' and 724R: 5'-TCG CAT GTA CCT GCA GTA GC-3' (Fay et al., 1997) . The primers for psbA-trnH were psbAF: 5'-GTT ATG CAT GAA CGT AAT GCT C-3' and trnH2: 5'-CGC GCA TGG TGG ATT CAC AAT CC-3' (Tate and Simpson, 2003) . The primers for ITS2 were ITS5: 5'-GGA AGT AAA AGT CGT AAC AAG G-3' and ITS4: 5'-TCC TCC GCT TAT TGA TAT GC-3' (White et al., 1990) ; S2F: 5'-ATG CGA TAC TTG GTG TGA AT-3' and ITS2AS: 5'-TTA TTG ATA TGC TTA AAC TCA GCG GG-3' (Chen et al., 2010) ; 293S: 5'-CGA AAT GCG ATA CTT GGT GT-3' and 637AS: 5'-TGC TTA AAC TCA GCG GGT AG-3'.
Polymerase chain reaction (PCR) amplification of the 4 candidate barcodes was carried out in a Perkin Elmer GeneAmp PCR System 9600. Each 20-μL reaction mixture contained 30 ng genomic DNA, 1X DNA polymerase buffer, 0.12 mM dNTPs, 0.3 μM of each primer, and 1 U Taq DNA polymerase. PCR was performed with the thermal cycle as follows. matK and psbA-trnH: 94°C for 5 min initially; 30 cycles at 94°C for 40 s, annealing at 47/58°C for 40 s, and extension at 70°C for 45 s; and one final cycle at 72°C for 5 min. rbcL: 94°C for 3 min initially; 34 cycles at 94°C for 30 s, annealing at 57°C for 30 s, and extension at 72°C for 1 min; and one final cycle at 72°C for 5 min. ITS2: 94°C for 5 min initially; 38 cycles at 94°C for 30 s, annealing at 52°C for 30 s, and extension at 72°C for 45 s; and one final cycle at 72°C for 10 min. PCR products were examined electrophoretically using 0.8-1.2% agarose gels, and observed by the Gel Doc image analyzer.
Bidirectional sequencing of purified PCR amplification products was done by the Beijing Genomics Institute (BGI) using the amplification primers. The nucleotide sequence data of these four regions were deposited in GenBank (Table S1 ).
Sequence alignment and analysis
Sequences were automatically aligned and then manually adjusted; all genetic distances were also calculated by the MEGA 4.1 software. The method of Meyer and Paulay (2005) was used to analyze and compare the intra-population variation and inter-population divergence. Wilcoxon signed rank tests were used to analyze the variability between the different loci (Lahaye et al., 2008) . The barcoding gap was evaluated by comparing intra-versus inter-population variability (Meyer and Paulay, 2005) . The BLAST1 similarity search algorithm and the Nearest Distance method were used to investigate the identification success rate of the sequences (Ross et al., 2008) . The traffic light approach was used to identify the combination of loci (Chase et al., 2005) . Additionally, the sequence character-based method (Rach et al., 2008) was utilized with DnaSP (Rozas et al., 2003) , and the information from each site was treated as a character to distinguish the populations from each other.
RESULTS
Sequence information
A total of 105 sequences for each candidate barcode were obtained from 17 wild and 4 cultivated populations of F. multiflora. The length of matrices ranged from 249 bp for ITS2 to 803 bp for matK (Table 1) . For the matK matrix, the distribution of 12 informative sites was dispersive and sparse across the matrix, without indels (Table S2 ). For the rbcL matrix, the aligned sequence length was 666 bp, and only 1 informative site was found in this matrix (Table S2 ). For the psbA-trnH matrix, the aligned sequence length was 384 bp; the distribution of 53 informative sites and 167 variable sites was dispersive and dense across the matrix, with multiple indels included ranging from 1 to 26 bp (Table S2 ). For the ITS2 matrix, the distribution of 74 informative sites and 83 variable sites was dispersive and dense across the matrix, with 8 indels included (Table S3) In the 4 data sets, some populations had unique character states that differentiated them from other populations of F. multiflora. For example, Guizhou, Sichuan, and Hubei populations each had unique diagnostic sites in the matK data set (Position 281: G could act as the diagnostic site for Guizhou population; position 574: G or position 775: A for Sichuan population; position 612: G for Hubei population) (Table S2 ). There were populations that shared character states. According to the 47-bp region (1704-1750 bp) in psbA-trnH (Table S2) , the 21 populations of F. multiflora could be divided into 3 groups: the first group consisted of the Fujian, Guangdong, Hubei, Hunan, Jiangxi, Sichuan, Zhejiang, Guangxi, Yunnan, Guangdong 1, Guangdong 2 and Shizhuyihao populations (exhibiting "TATGGCCTCTTTGGTGT/ GTTTG/T/AGTTGGGTGGACTTTTTTTTGATTCAT" sequence state); the second group was the Guizhou population with 16 distinct variable sites compared to the first group; and the 1704-1750-bp region was entirely missing in the last group including Anhui, Gansu, Henan, Jiangsu, Shaanxi, Shandong, Shanghai, and Siheyihao. Furthermore, the first group could be divided into 3 sub-groups according to the base differences at position 1724: the first subgroup included Guangdong, Hunan, Guangxi, Guangdong1, Guangdong2, and Shizhuyihao (position 1724: T); the second sub-group consisted of Fujian, Hubei, Jiangxi, Zhejiang (position 1724: G), while Sichuan and Yunnan exhibited A at this position in the third subgroup. In addition, the Hubei population was different from other populations as the insertion (position 1561-1567) acted as diagnostic sites.
Intra-population variation and inter-population divergence
The intra-population variation, inter-population divergence, maximum intra-population variation and minimum inter-population divergence of the 4 candidate barcodes (matK, rbcL, psbA-trnH, ITS2) and their 11 combinations (matK + rbcL, matK + psbA-trnH, matK + ITS2, rbcL + psbA-trnH, rbcL + ITS2, psbA-trnH + ITS2, matK + rbcL + psbA-trnH, matK + rbcL + ITS2, matK + psbA-trnH + ITS2, rbcL + psbA-trnH + ITS2, matK + rbcL + psbA-trnH + ITS2) were estimated using 6 parameters (Meyer and Paulay, 2005) . The results showed that psbA-trnH had the highest intra-and inter-population divergence, followed by ITS2 and matK, with rbcL having the lowest ( Table 2 ). The mean inter-population distances of 4 single loci and 11 combinations of loci were all higher than the mean intra-population distances. Furthermore, the minimum inter-population divergence of other single loci and combination of loci were greater than the corresponding maximum intra-population variation except for matK, rbcL, and matK + rbcL. Table 2 . Measures of intra-and inter-population divergence and identification efficiency of the potential and combined barcodes. 
Statistical comparison of divergence
The Wilcoxon signed rank tests indicated that the intra-population variation ranking from highest to lowest were psbA-trnH, matK, and rbcL, while there was no significant difference for psbA-trnH versus ITS2 and ITS2 versus matK (Table 3 ). The inter-population divergence of psbA-trnH was the highest, followed by ITS2, and again matK, and rbcL showing the lowest. Table 3 . Wilcoxon signed rank test of the intra-and inter-population divergence among the 4 loci.
DNA barcoding gap assessment
The inter-population divergence of an ideal DNA barcode should be significantly larger than the intra-population variation, and there were significant differences between the 2, forming an apparent intergenic region, namely barcoding gap (Meyer and Paulay, 2005; Lahaye et al., 2008) . In the investigation of the distributions of intra-versus inter-population variation of the 4 candidate DNA barcodes and 11 combinations of loci (Figure 1) we did not find any clear barcoding gaps as typical of CO1 in animals, although all the loci had a relatively separation between intra-and inter-population variation. Meanwhile, the significance between intra-and inter-population distances was evaluated by Wilcoxon 2-sample tests for each locus. The intra-population distance was found to be smaller than the inter-population distance, with the highest significances found in matK (Wilconxon 2-sample test, P ≤ 3.59E-72), followed by psbA-trnH (Wilconxon 2-sample test, P ≤ 7.13E-69) (Table 4) .
Applicability for population discrimination
The BLAST1 similarity search algorithm and the nearest distance method (Ross et al., 2008) were used to assess the identification efficiency of the 4 single loci simultaneously, and the identification efficiency of 11 combinations was evaluated by the traffic light method (traffic light approach) (Chase et al., 2005) . The results showed that the efficiency of suc-cessful identification using psbA-trnH was the highest in the 4 single loci, which was 59.0% (BLAST1) and 14.3% (nearest distance) ( Table 2 ). The rates of successful identification using matK, rbcL, and ITS2 were all less than 50% (32.4, 9.5, and 22.9%, respectively) by BLAST1 and not suitable for identification of F. multiflora below the species level. For multi-locus barcodes, with exception of matK + psbA-trnH, matK + ITS2, and rbcL + ITS2, in which the efficiency of successful identification was 88.6 (BLAST1), 94.0 (BLAST1), and 89.5% (BLAST1), respectively, the efficiency rates of the locus combinations were 100% (BLAST1). PsbA-trnH is one of the fastest evolving intergenic spacer regions in the chloroplast genome. Both ends of the intergenic spacer, the psbA and trnH genes, are relatively conservative, which is beneficial to designing universal primers. The existing literature suggests that the psbA-trnH intergenic spacer could effectively identify 18 species of Polygonaceae , 71 species of Labiatae (Han et al., 2009) , and 19 species of Aconitum (He et al., 2010) . For F. multiflora, psbA-trnH dominated over the other 3 single loci in sequence characteristics, intra-and inter-population divergence, barcoding gap, and identification efficiency of populations, establishing psbA-trnH as an ideal DNA barcode.
matK, one of the recommended candidate barcodes, has a fast evolutionary rate (Lahaye et al., 2008) . The argument against matK as a barcode is its poor performance with regard to primer universality. The primer set of 3F_KIM and 1R_KIM (http://barcoding.si.edu) was successfully utilized in amplification of F. multiflora, while there was no distinct barcoding gap for matK, making it unsuitable for identifying F. multiflora populations.
rbcL has multiple advantages of good universality, easy amplification and sequence alignment. Newmaster et al. (2006) recommended it as an ideal candidate DNA barcode. However, the variation of rbcL was found primarily above the species level, not suitable for the species and lower (Kress and Erickson, 2007; Lahaye et al., 2008) . rbcL showed the smallest inter-population differentiation among the 4 single loci of F. multiflora, and the minimum inter-population divergence was less than the maximum intra-population variation, while the identification success rate was only 9.5%. Therefore, rbcL was not suitable for DNA barcoding of F. multiflora.
In F. multiflora, ITS2 had difficulties in amplification and sequencing due to its multiple copies. Three pairs of primers were used in the amplification of F. multiflora, yet the identification success efficiency was only 22.9%. The intra-and inter-population genetic variation of ITS2 overlapped largely, showing no distinct barcoding gap, with an inter-population genetic distance of zero accounting for 66.571% of the total samples, which led to difficulty in discrimination between different populations, making it unsuitable for DNA barcoding of F. multiflora.
Multi-locus barcodes always exhibit better performance of discriminations than a single locus (CBOL Plant Working Group, 2009 Table 4 . Wilcoxon 2-sample test based on inter-population versus intra-population specific Kimura 2-parameter distances of each barcode.
were combined for further analysis, a larger percentage of the populations of F. multiflora were discriminated than when using a single locus. The results showed that the identification rate of matK + rbcL + psbA-trnH + ITS2 was 100 and 59% by BLAST1 and nearest distance, respectively. Thus, the 4 combined loci were better than the 2 or 3 loci.
In conclusion, although we did not find clear barcoding gaps in the distribution of the 4 loci tested (Figure 1 ), such as with CO1 in animals (Meyer and Paulay, 2005) , the intra-and inter-population divergence in each locus was significantly different (Table 4) . Suitable barcodes (matK + rbcL + psbA-trnH + ITS2 or psbA-trnH alone) were established in this study.
Identification of psbA-trnH in different populations of F. multiflora
Currently, DNA barcode technology is widely used in the identification of medicinal plants, especially for identification between species, subspecies or populations, which are difficult to identify by traditional morphological methods. It is a strong complement of traditional morphological taxonomy, building a new classification system to achieve the combination of sequence variation information and existing morphological taxonomy Hajibabaei et al., 2007) .
The morphology of different populations of F. multiflora is basically the same except the Guizhou population, whose plants have a greater extent of white macula on the midvein and lateral nerve, shallower sinus, shorter length of inflorescence, smaller ratio of length to breadth, shorter persistent perianth, and later anthesis. Other populations could not be distinguished on the basis of morphological characteristics, while they could be effectively distinguished by variances in psbA-trnH between populations. Therefore, barcodes not only provides specific molecular markers for different populations of F. multiflora, but also compensate for the inadequacies of morphological identification in the determination of F. multiflora provenances, along with the establishment of the basis for further breeding selection and germplasm preservation.
The role of DNA barcoding in the identification of F. multiflora geoherbalism
The good quality of a geoherb is formed on the long-term effects of genotype and environment. Specific genes produce enzymes regulating the synthesis of active ingredients such as secondary metabolites, and thus, a particular gene is the key to the formation of geoherbalism (Li et al., 2001) . It has been reported that F. multiflora from Deqing, the geo-authentic producing area, could be identified by the specific sites of ITS1 (Yan et al., 2008a) . However, in this study, matK, rbcL, psbA-trnH, and ITS2 of Deqing were consistent with the other populations, so the geoherbalism of F. multiflora could not be identified here. Difficulty in the identification of geoherbalism has been observed in other medicinal plants too such as Andrographis paniculata, Achyranthes bidentata, and so on (Wang et al., 2004; Li et al., 2007) . One reason could be the long-term harvesting and cultivation of the geoherbs, leading to confusion of medicinal plants from different provenances, and the other reason lies in the 4 candidate DNA barcodes themselves, so maybe we need to choose other candidate barcodes with faster evolutionary rates in the identification of geoherbalism.
On the other hand, in the 3 populations of Deqing, although matK, rbcL, and ITS2 of all individuals of the wild population (Guangdong) and 2 cultivated populations (Guangdong 1 and 2) were exactly the same, there was one diagnostic site (position 1769: A for wild or missing for cultivated) between the wild and 2 cultivated populations, which could effectively distinguish the wild and cultivated F. multiflora from Deqing.
